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Abstract

Individual signaling pathways are not isolated, but rather operate in the context of the broader
signaling network. Thus, the response of a cell to perturbation of a given pathway depends on the
state of the network, which depends upon contextual inputs from the microenvironment. The
cytokine tumor necrosis factor a (TNF-a) promotes opposing cellular behaviors under different
conditions, which is influenced by perturbation of the network. For example, inhibition of the
mitogen-activated protein kinase (MAPK) kinase MEK alters the kinetics of TNF-a-induced
apoptosis in the mouse intestinal epithelium. We investigated whether MAPK signaling directly
influences TNF-a-induced apoptosis, or whether network-level effects secondary to inhibition of
the MAPK pathway alter the kinetics of cell death. We found that inhibitors of the MAPK kinase
kinase Raf, MEK, and extracellular signal regulated kinase (ERK) exerted distinct effects on the
timing and magnitude of TNF-a-induced apoptosis in the mouse intestine. Furthermore, even
different MEK inhibitors exerted distinct effects; one of them, CH5126766, potentiated TNF-a-
induced apoptosis. Computational modeling analysis and experimental perturbation identified the
kinase Akt as the primary signaling node that promoted apoptosis in the context of TNF-a
signaling in the presence of CH5126766. Our work emphasizes the importance of integrated
network signaling in specifying cellular behavior in response to external perturbation. More
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broadly, this study highlights the importance of considering the network-level effects of pathway
inhibitors and demonstrates the distinct effects of inhibitors that share the same target.

Introduction

Cells must integrate numerous intracellular signals from a myriad of extracellular stimuli to
determine their appropriate behavior. One such stimulus is tumor necrosis factor a (TNF-a),
a pro-inflammatory cytokine that plays a central role in the pathogenesis of a broad range of
inflammatory diseases, including inflammatory bowel diseases (IBDs) (1), rheumatoid
arthritis, and psoriasis (2, 3). TNF-a impinges upon the cellular signaling network through
two TNF receptors (TNFRs) that activate distinct signaling pathways: TNF-R1, which
canonically stimulates a pro-death pathway through the activation of caspase-8, and TNF-
R2, which canonically stimulates a pro-survival pathway through the activation of the
transcription factor nuclear factor kB (NFxB) (4, 5). Because these pathways are
diametrically opposed in function, TNF-a induces a broad range of cellular behaviors,
including apoptosis, survival, and proliferation (6).

Previous studies have used systems analysis to rigorously identify signaling pathways that
govern cell fate in cells stimulated with TNF-a. In cultured cells, mitogen-activated protein
kinase (MAPK)-activated kinase 2 (MK2), NFxB, and c-Jun N-terminal kinase (JNK), are
activated by TNF-a, and through a time-delayed autocrine signaling cascade to modulate the
pro-apoptotic function of TNF-a (7, 8). These studies demonstrated that because the
intracellular pathways downstream of the TNFRs function within the context of a broader
signaling network, cell fate is determined by complex interactions within the signaling
network as a whole. As such, the biological activity of TNF-a is determined by the state of
the network, which is specified by factors such as genetic background, cellular
differentiation state, and inputs from the extracellular environment.

The mouse intestinal epithelium provides an excellent in vivo experimental system in which
to study the network-level modulation of TNF-a activity. Acute systemic exposure of a
mouse to TNF-a induces apoptosis in the proximal small intestine (duodenum), but
proliferation in the distal small intestine (ileum) (9). In the duodenum, the kinetics of
apoptosis appear to be influenced by signaling through extracellular signal-regulated kinases
1 and 2 (ERK1/2) because the inhibition of MEK, the MAPK kinase (MAPKK) upstream of
ERK1/2, accelerates the rate at which apoptosis occurs in response to TNF-a without
altering the overall extent of apoptosis that occurs (9). This observation demonstrated that
the biological output of TNF-a in normal cells in an intact tissue depends upon the steady
state and dynamic wiring of the cellular signaling network.

Interpretation of the role of MAPK signaling in modulating TNF-a-induced apoptosis is
clouded by the parallel observation that inhibition of MEK leads to broad changes to the
signaling network. In addition to suppressing phosphorylation of ERK, which is the direct
substrate of MEK, inhibition of MEK alters the kinetics of signaling through
phosphoinositide 3-kinase (PI3K), the mammalian target of rapamycin (mTOR), and JNK in
mice exposed to TNF-a (9). By extension, it is unclear whether the effect of MEK inhibition
is because of the direct inhibition of ERK or is a result of secondary effects on the network.
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Here, we sought to address whether the MAPK pathway directly controls the Kinetics of
TNF-a-induced apoptosis or whether MAPK pathway inhibitors indirectly control this
process. We found evidence of the latter: the effects of small molecule kinase inhibitors on
the broader signaling network underlie the modulation of TNF-a-induced apoptosis in the
mouse intestinal epithelium.

The phosphorylation of MEK correlates with apoptosis in the TNF-a-treated mouse
intestinal epithelium

We previously demonstrated that TNF-a induces apoptosis in the epithelium of the proximal
small intestine over the course of four to eight hours and that inhibition of MEK with a
highly-specific allosteric inhibitor alters the kinetics of this apoptotic response (9).
Nevertheless, the effects of MEK inhibition on signaling were extensive, altering ERK
phosphorylation as well as signaling through JNK, Akt, and S6 ribosomal protein. Based on
this finding, we sought to understand whether the inhibition of MAPK signaling influenced
TNF-a induced apoptosis directly or indirectly in the intestinal epithelium. We reasoned that
distinct inhibitors of the MAPK pathway would similarly affect MAPK signaling, but would
produce distinct effects on the rest of the signaling network because of pathway crosstalk,
off-target effects, or both. If MAPK signaling directly controlled the kinetics of TNF-a-
induced apoptosis, we would expect all MAPK inhibitors to exert a similar effect.

To test whether perturbation of different nodes of the MAPK pathway produced similar or
distinct changes in the global signaling network and apoptotic phenotype in the intestinal
epithelium, we used inhibitors of the MAPKKK Raf, MEK, and ERK. Two or four hours
before mice were subjected to systemic injection with TNF-a (10), we treated them with
MLN2480, a pan-Raf inhibitor, PD325901, a potent and selective MEK inhibitor, or
SCH772984, an ERK1/2 inhibitor (fig. S1). At defined time points after the mice were
injected with TNF-a, we quantified the amount of cleaved caspase 3 (CC3) in intestinal cell
lysates as a measure of apoptosis and determined the extent of activation of various
pathways by measuring the abundances of different phosphoproteins throughout the cellular
network. Consistent with our previous student, we found that TNF-a induced a gradual and
late (2 hours) cell death response in mice pre-treated with vehicle, whereas pre-treatment
with the MEK inhibitor shifted the peak time of CC3 generation from late to early (Fig. 1A),
but with <10% change in magnitude as measured by the area under the curve (AUC) (Table
1) (9). In contrast, inhibitors of Raf and ERK reduced the apoptotic response relative to that
in control samples (59% and 41% of the levels of apoptosis in controls, respectively) (Fig.
1A).

In parallel to quantifying apoptosis, we used a fluorescent bead-based enzyme-linked
immunosorbent assay (ELISA) system (referred to as Bio-Plex) to determine how each of
the inhibitors affected the extent of signaling through the MAPK pathway and other
signaling pathways throughout the network (fig. S2). The inhibition of MEK and ERK led to
the expected suppression of ERK phosphorylation; however, inhibition of Raf led to
sustained ERK phosphorylation, which is a consistent finding with this drug (Fig. 1B) (11,
12). Additionally, the Raf and ERK inhibitors suppressed the phosphorylation of MEK,
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whereas the MEK inhibitor resulted in increased and sustained MEK phosphorylation (Fig.
1C), which is a known property of allosteric MEK inhibitors of this structural class (13, 14).
Together, these results demonstrate that inhibitors targeting different nodes of the same
signaling pathway can result in different phenotypic outcomes.

Mechanistically distinct MEK inhibitors produce differential apoptotic responses

Across all of the MAPK inhibitor treatment groups, phosphorylated MEK (pMEK) was the
signal that correlated best with the extent of TNF-a-induced apoptosis (Table 1). To
determine whether increased MEK phosphorylation, rather than inhibition of ERK, was the
key determinant of the high degree of TNF-a-induced apoptosis, we treated animals with
CH5126766, an allosteric MEK inhibitor that also suppresses feedback induction of the Raf-
dependent phosphorylation of MEK (14). We pre-treated mice with CH5126766 for 2 hours
before they were subjected to systemic injection with TNF-a and we found that treatment
with CH5126766 amplified the apoptotic response compared to that in either PD325901-
treated mice or control mice (Fig. 2A). This increase in apoptosis was associated with
suppressed phosphorylation of both ERK and MEK (Fig. 2 B ,C). These data suggest that
the enhanced apoptotic phenotype was not a direct response to MEK phosphorylation or to
the inhibition of ERK, but possibly occurred because of pathway crosstalk or off-target
effects in the broader signaling network.

Multivariate analysis identifies signaling nodes associated with apoptosis

Because PD325901 and CH5126766 yielded similar changes in the abundance of pERK, but
distinct apoptotic phenotypes (Fig. 2), we sought to characterize how the broader signaling
network changed in response to these two MEK inhibitors. We used Bio-Plex to analyze ten
phosphorylated protein (phosphoprotein) signaling nodes in addition to pERK and pMEK
(Fig. 3A). PD325901 and CH5126766 exerted distinct effects on TNF-a-induced signaling
through many of the pathways that we assayed (Fig. 3B). Since the relationship between
signaling and biological output (that is, apoptosis) is likely to be complex, we used
discriminant partial least squares regression (D-PLSR) analysis (15) to identify the signals
that most strongly correlated with the enhanced apoptotic phenotype in CH5126766-treated
mice. The D-PLSR analysis (Fig. 4A) incorporated all of the 12 signals that we measured. It
separated the CH5126766-treated samples from the control and PD325901-treated samples
along a latent variable (LV1), which was composed of a profile of signals that were
increased in CH5126766-treated mice or in control and PD325901-treated mice. The signals
that were most strongly associated with CH5126766 treatment (that is, enhanced apoptosis)
were pAkt and pAtf-2. The signals in LV2 consisted of differences that distinguished the
control mice from those treated with either of the MEK inhibitors (fig. S3A). We next used a
Monte Carlo sub-sampling of 75% of the samples to construct error bars for the signals
involved on the latent variables (see Materials and Methods for details). Repeating the
sampling 1,000 times yielded modest standard deviations on all of the signals (fig. S3B) and
coefficients of variation of 0.15 and 0.17 for pAkt and pAtf-2, respectively. Last, we re-
constructed the model using all five treatment conditions to determine whether the signaling
data from mice treated with the ERK inhibitor SCH772984 or the Raf inhibitor MLN2480
changed the substantial influence of pAkt and pAtf-2 on LV1. The result was a new LV1
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that resembled the LV1 obtained from the original model constructed using the signaling
data obtained from controls mice and those treated with either MEK inhibitor (fig. S3C and
Fig. 4A).

Although the D-PLSR analysis identified signals that distinguished CH5126766-treated
mice from control mice and those treated with PD325901, it did not take into account the
kinetic nature of the changes in the phospho-protein signaling network. To address this
limitation, and to confirm the strong association between enhanced apoptosis and the
phosphorylation of Akt and Atf-2, we used a self-organizing map (SOM) to gain clearer
insight into which signals changed together as a group, and how each group changed over
time and across administered conditions (16, 17). An SOM consists of a two-dimensional
matrix of nodes, each of which contains a vector of coefficients that is the same length as the
data vectors being presented to the map for clustering. The nodal coefficient vectors are
tuned to optimally capture the domain of the vectors being presented, with similar nodes
appearing near each other in the tuned SOM (16). An SOM consists of a two-dimensional
matrix of nodes, each of which contains a vector of parameters that is the same length as the
data vectors that are presented to the map for clustering. The parameters in the various nodes
are tuned to optimally mirror the collection of data point vectors presented, with similar
nodes being adjacent to one another and very different nodes being on opposite sides of the
map (16). By assembling a separate data vector for each signal, which is composed of the
signaling value for each condition and time point, we can analyze which signals are co-
varying across condition and time.

To build the map, we first concatenated all 12 signal measurements across time and
condition. Each data point presented to the SOM was an aggregate vector consisting of a
phosphoprotein signal collected from each of 15 mice (3 conditions and 5 time points). We
measured 12 signals in total from the same 15 mice, thus generating 12 individual data
points to present to the model. We obtained these vectors in biological duplicate, so we
presented a total of 24 phosphoprotein data points to the SOM for training (fig. S4A). The
SOM consisted of a grid of 5x5 nodes. Each node consisted of a vector of 15 parameters,
with one parameter for each condition and time point in the 24 presented data point vectors.
The product was a unified distance matrix that enabled us to visualize the similarity between
adjacent nodes (Fig. 4B). Little distance between nodes (gray) means the nodes are similar,
S0 a data point projecting onto either node is roughly equivalent and these nodes can be
grouped. Adjacent nodes separated by greater distance (red) are relatively dissimilar and
should not be grouped. Each gray region, which is not separated by red, defines a cluster of
nodes that coordinately varied across time and condition. The trained SOM identified a
temporal and conditional progression of nodal parameters for each signal (fig. $4B).

A k-means clustering of the nodal distance matrix identified five distinct groupings in the
SOM, which mapped to groups of phosphoproteins (Fig. 4C, left). Averaging of the nodes
associated with each group yielded temporal and conditional activation profiles for each
group (Fig. 4C). Groups 1, 2, and 5 define signaling differences between the DMSO-treated
mice and the mice treated with either CH5126766 or PD325901, such as in the
phosphorylation of ERK and JNK, whereas Group 4 defines signaling that was similar
across all conditions. Note that replicates of some of the signals (p-c-Jun, p-JNK, and p-S6
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RP) projected onto different groups: Group 1 for replicate (2) vs. Groups 2, 4, and 5 for
replicate (1). Groups 1, 2, and 5 are similar and all reflect the signaling observed in the
DMSO-treated mice. The differences in group and projection position were a result of
differences in the magnitude and phase of these signals between replicates in the DMSO-
treated group (fig. S4A). Furthermore, the SOM showed that both replicates of pAkt and
pAtf-2 projected into the same Group and that CH5126766 resulted in coordinated increases
in the abundances of pAkt and pAtf-2 (Group 3), compared with DMSO and PD325901.
Together with our re-sampling analysis of the D-PLSR model, the SOM supports the notion
that these signals were co-activated in the CH5126766-treated mice. Finally, as with the D-
PLSR model, an SOM model produced with all five available conditions (DMSO, PD, CH,
MLN, and SCH) resulted in clustering and a CH5126766-dependent activation profile
implicating pAkt and pAtf-2 in enhanced apoptosis, similarly to the original three-condition
SOM (fig. SAC and Fig. 4C),. These models together emphasize the connection between
Akt and Atf-2 signaling and the highly apoptotic phenotype observed in the CH5126766-
treated mice.

Co-application of CH5126766 and Akt inhibitors reduces TNF-a-induced apoptosis

The D-PLSR and SOM analysis identified pAkt and pAtf-2 as the factors that correlated best
with the enhanced apoptotic phenotype seen in the CH5126766-treated animals. Because
Atf-2 inhibitors are not available, we tested whether inhibition of the PI3K pathway could
alter the apoptotic phenotype. To perturb signaling upstream and downstream of Akt, we
first treated mice with a combination of the dual PI3K and mTOR inhibitor BEZ235 (18)
and either PD325901 or CH5126766. The combination treatment of BEZ235 and PD325901
led to a slight increase in apoptosis relative to that observed in mice treated with PD325901
alone; however, the combination of BEZ235 and CH5126766 substantially decreased the
extent of apoptosis relative to that observed in mice treated with CH5126766 alone (Fig.
5A).

Whereas, BEZ235 reduced the abundances of both pAkt and pAtf-2 compared to those in
mice treated with DMSO (fig. S5), the combined treatment of mice with BEZ235 and
PD325901 only slightly reduced the amounts of pAkt and pAtf-2 relative to those DMSO-
treated controls (Fig. 5B), which suggests that the response of the signaling network to
pharmacological intervention was context dependent. Furthermore, CH5126766 alone
resulted in decreased amounts of both pAkt and pAtf-2 (Fig. 5B), which is suggestive of a
non-canonical relationship between Akt phosphorylation and apoptosis in CH5126766-
treated cells.

Because, as with all of the MAPK pathway inhibitors, PI3K inhibition was associated with
other broad network changes, we next used our original D-PLSR model (Fig. 4A) to
determine whether the broad signaling changes observed with co-administered CH5126766
and BEZ235 would predict reduced apoptosis. Projection of the signaling data obtained from
mice treated with CH5126766 and BEZ235 onto the original computational model
demonstrated a clear shift from the high- to low-apoptosis region of the scores plot (Fig.
5C).
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Finally, to verify that the apoptotic phenotype was Akt-dependent, we treated mice with a
combination of the highly specific Akt inhibitor (MK-2206) (19) and CH5126766 (Fig. 5D).
This co-treatment resulted in a decrease in the extent of apoptosis that was similar to that
elicited by the combination of CH5126766 and BEZ235, as well as a similar reduction in the
abundances of pAkt and pAtf-2 (fig. S4C). These results raise the possibility that the
normally pro-survival Akt pathway may instead promote apoptosis in the context of TNF-a
signaling in the presence of CH5126766, a MEK inhibitor that suppresses feedback
activation of Raf.

Discussion

We previously used the mouse intestine as a model system in which to study how cell-
autonomous and non-cell-autonomous signaling pathways modulate the biological activity
of TNF-a in an intact tissue (9, 20). A key finding from these previous studies was that
inhibition of MEK alters the kinetics of TNF-a-induced apoptosis in the intestinal
epithelium without altering the overall extent of apoptosis (9). The straight forward
interpretation of this observation — that loss of ERK activation downstream of MEK
accounts for the change in apoptotic phenotype — is confounded by the fact that MEK
inhibition affects the phosphorylation of many proteins after TNF-a stimulation. We
hypothesized, therefore, that the network-level effects of MEK inhibition might alter the
kinetics of TNF-a-induced apoptosis. By extension, different drugs acting on the MAPK
pathway could differentially affect cell fate based on the direct and indirect activities of each
drug. We tested our hypothesis by administering to mice drugs that inhibit different nodes of
the presumably linear MAPK pathway. These inhibitors yielded a range of apoptotic
phenotypes in animals treated with TNF-a, despite the ability of all inhibitors to alter the
kinetics of ERK phosphorylation (Fig. 1). This observation provided the first clue that flux
through the MAPK pathway is not directly responsible for modulating the pro-apoptotic
activity of TNF-a in the intestinal epithelium.

Although the kinetics of ERK phosphorylation did not correlate with the apoptotic
phenotypes that resulted from inhibition of the MAPK pathway, we found that MEK
phosphorylation, which was increased in TNF-a-treated control animals and in those treated
with the MEK inhibitor PD325901, correlated with a relatively high incidence of apoptosis
(Table 1). We attempted to validate the hypothesis that pMEK was pro-apoptotic in
experiments with a second MEK inhibitor (CH5126766), which inhibits the pathway
without enhancing MEK phosphorylation, but this treatment strongly potentiated TNF-a-
induced apoptosis (Fig. 2). To understand that broad impact of different MEK inhibitors on
the cellular signaling network, we used multiple computational modeling approaches to
identify signals outside of the MAPK pathway that correlated with the different apoptotic
phenotypes induced by PD0325901 and CH5126766 (Fig. 4). Each of the computational
approaches pointed toward a pro-apoptotic signaling axis that includes Akt and Atf-2.

The limitation of the computational modeling approaches that we used is that they are
merely correlative. As such, formal validation of the role of Akt and Atf-2 in TNF-a-
induced apoptosis required experimental validation. To this end, we co-administered
CH5126766 to mice together with a PI3K and mTOR inhibitor (BEZ235) or an allosteric
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Akt inhibitor (MK-2206) to test whether inhibition of Akt would reverse or enhance the pro-
death phenotype caused by CH5126766. Treatment with both BEZ235 and MK-2206
resulted in a substantial decrease in the extent of apoptosis, relative to that observed in mice
treated with CH5126766 alone (Figs. 5A), suggesting that Akt is a causal node driving
apoptosis. Re-analysis of the multi-pathway signaling network response after co-delivery of
CH5126766 and BEZ235 showed that the abundances of pAkt and pAtf-2 were reduced to
amounts similar to those in mice treated with either vehicle or PD325901, which did not
induce apoptosis to a great extent (Fig. 5B). To our knowledge, a direct link between Akt
and Atf-2 signaling has not been reported, but our data suggest a possible relationship
between these two pathways, potentially mediated through other measured (for example, c-
Jun) or unmeasured signaling nodes. Furthermore, co-treatment with PD325901and BEZ235
resulted in increased apoptosis relative to that in mice treated with PD325901 alone (Fig.
5A), which was associated with network changes not observed in the CH5126766 and
BEZ235 co-treatment (Fig. 5B). Although co-treatment of mice with PD325901and
MK-2206 would further validate a context-dependent pro-apoptotic role of Akt, we found
this treatment combination to be highly toxic, leading to premature death in mice. This
finding demonstrates that different inhibitors of the same enzyme can exhibit distinct
interactions with other inhibitors, depending on the context in which they are combined.
This finding is particularly important given the current clinical evaluation of combined
MAPK and PI3K therapies for cancer treatment (21-23).

Akt is a canonically pro-survival signal (24, 25), and our finding that Akt was causative for,
rather than responsive to, apoptosis was surprising; however, a pro-death role for Akt has
been reported in several contexts. Strong Akt activation induces cellular senescence and
increases oxidative stress, rendering cells susceptible to reactive oxygen species (ROS)-
induced cell death (26). Cells over-expressing the oncoprotein Ber-Abl, which causes
enhanced activation of Akt, have increased sensitivity to ROS (27). Akt activates apoptosis-
regulating kinase 1 (Ask1) to promote apoptosis in response to ROS (28). Moreover, while
the canonical role of Akt is at the plasma membrane, all components of the PI3K pathway
are also found in the nucleus; thus, nuclear Akt may phosphorylate substrates that are
distinct from those that it targets in the cytoplasm. Consistent with this idea, the enhanced
activation of nuclear Akt by Apoptin, a viral protein that is considered to have anti-cancer
properties, potentiates cell death (29, 30). Our findings therefore contribute to the growing
body of literature that indicates a context-specific pro-death role for Akt signaling.

Why does CH5126766 strongly activate Akt, whereas PD325901 does not? Indeed,
PD325901 suppressed the initial burst of Akt phosphorylation that is induced by TNF-a
(Fig. 3A). CH5126766 and PD325901 are both allosteric inhibitors with high specificity for
MEK, so the difference in their ability to promote TNF-a-induced apoptosis is likely to be
“on-target,” at least with respect to its initial mechanism of action. Nevertheless, if the pro-
apoptotic effect of CH5126766 is related to binding to MEK, it cannot be linked to the
kinase activity of MEK, because both CH5126766 and PD325901 had the same effect on
ERK phosphorylation (Fig. 2B). The primary difference between CH5126766 and
PD325901 is that CH5126766 also inhibits the kinase activity of Raf by preventing the
phosphorylation and release of MEK from the Raf-MEK complex (14). This indirect
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inhibitory activity could play a role in the specific enhancement of TNF-a-induced
apoptosis by CH5126766; however, this is unlikely to be related to the kinase activity of Raf
given that the direct inhibition of Raf with MLN2480 reduced, rather than enhanced, the
phosphorylation of Akt and the extent of apoptosis (Fig. 1A, fig. S2). Alternatively, because
CH5126766 locks Raf and MEK into an inactive complex, the drug may affect a function of
Raf (or MEK) that is not related to kinase function. Indeed, many kinases have scaffolding
functions that are independent of their kinase activities (31). Although kinase-independent
functions of MEK have not been reported, Raf-1 functions as an inhibitor of Ask1, a role
that does not require Raf kinase activity (32). Based on our data, we favor a model in which
Raf or MEK inhibits the TNF-a-induced activation of Akt in a kinase-independent manner,
and that this function is inhibited by CH5126766, but not by PD325901. CH5126766
therefore activates Akt and promotes TNF-a-induced apoptosis in terminally differentiated
intestinal epithelial cells in vivo.

Pharmacologic interventions in human diseases are delivered to a complex tissue
microenvironment, which plays a major role in establishing the disease-specific signaling
network. TNF-a is a prime example of a factor that is found in the local and systemic
environments of many diseases, including cancer (1, 4). The multiple pathways that TNF-a
stimulates shift the global signaling network (7, 8), which in turn determines cellular
behaviors within a tissue. Furthermore, the global signaling network determines not only the
phenotypic outcome in response to TNF-a, but also determines how the tissue will respond
to additional perturbations, such as pharmacologic interventions. Whereas other groups have
evaluated network-level signaling effects of TNF-a (7, 8, 33), we systematically evaluated
how both phenotype and global signaling changed in response to multiple perturbations to
the MAPK pathway in the context of TNF-a signaling, and how both phenotype and
signaling change in response to the co-inhibition of Akt. The possibility that Akt acts as a
pro-death signal in the context of TNF-a signaling suggests that inhibitors targeting both the
MAPK and PI3K pathways may reduce the extent of apoptosis more substantially than
would a therapy targeting the MAPK pathway alone, especially in tumors that have
substantial inflammation. By extension, CH5126766 may be particularly effective, relative
to other Mek inhibitors, as a monotherapy in cancers associated with increased amounts of
TNF-a. More generally, our work demonstrates that the network level signaling must to be
considered in the development of new combinatorial strategies.

Materials and Methods

Mice, inhibitor treatments, and tissue isolation

All mouse work performed in this study was completed according to a protocol approved by
the Massachusetts General Hospital Institutional Animal Care and Use Committee. All mice
were 8-week old males on the C57BL/6J genetic background (Jackson Laboratory). For the
MEK inhibition experiments, mice were anesthetized with Avertin (tribromoethanol, 250
mg/kg), and then subjected to retro-orbital injection with PD325901 (12.5 mg/kg,
ChemieTek) solubilized with 10% dimethyl sulfoxide (DMSOQ) in PBS or to intraperitoneal
(IP) injection with CH5126766 (2.0 mg/kg, Active Biochemicals) solubilized with 10%
DMSO in PBS. For the ERK inhibition experiments, mice were subjected to IP injection
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with SCH772984 (75mg/kg, Selleckchem) solubilized with cyclodextrin in PBS. For the Raf
inhibition experiments, mice were subjected to oral gavage with MLN2480 (12.5 mg/kg,
Millennium) solubilized with 100% PEG400. For PI3K inhibition experiments, animals
were subjected oral gavage with BEZ235 (45 mg/kg, LC Laboratories) solubilized in 10%
DMSO in PBS. For Akt inhibition experiments, animals were subjected to oral gavage with
MK-2206 (240 mg/kg, ChemieTek) solubilized in 15% DMSO in water. Two or four hours
later, mice were anesthetized and subjected to retro-orbital injection with 5 pg of
recombinant mouse TNF-a (Abazyme) solubilized in PBS. The mice were then sacrificed
according to the defined time course after treatment with TNF-a. Control animals were
pretreated with vehicle two or hour hours before they were injected with TNF-a. For tissue
collection, mice were sacrificed and the small intestine was removed and washed with cold
PBS. Tissue was lysed and homogenized in Bio-Plex lysis buffer (Bio-Rad) and stored at
—80°C. The proximal small intestine (duodenum) was obtained from tissue immediately
adjacent to the stomach.

Western blotting

Polyacrylamide gels (12%) were loaded with 45 pg of mouse epithelial intestinal tissue.
Western blotting analysis was performed with rabbit antibody against cleaved caspase 3
(CC3, Cell Signaling Technology) and mouse antibody against a-tubulin (Sigma-Aldrich).
Membranes were incubated with primary antibodies overnight at 4°C and then were
incubated for 1 hour at room temperature with secondary antibodies (Rockland) at a
1:10,000 dilution. Membranes were scanned with a LI-COR Odyssey infrared imaging
system. Bio-Plex signaling analysis was performed on the same tissue lysates that were used
for the Western blotting analysis of CC3. The area under the curve (AUC) was computed in
Prism 6 software (Graphpad Software, Inc.) with a trapezoid rule and a baseline of y = 1.

Bio-Plex signaling quantification

Quantitative measurements of protein phosphorylation in lysed issue samples were obtained
with Bio-Plex phospho-signaling assay kits (Bio-Rad) for: pAkt (Ser4’3), pAtf-2 (Thr’1), pc-
Jun (Ser63), pERK1 (Thr292 and Tyr204) and pERK2 (Thrl85 and Tyr!87), pMEK1 (Ser2l?
and Ser?21), pp38 (Thrl80 and Tyr182), pp90Rsk (Thr3% and Ser363), pS6 (Ser23 and
Ser236), phosphorylated inhibitor of nuclear factor kB a (plkfa, Ser32 and Ser36), pJNK
(Thr183 and Tyrl85), pSTAT3 (Ser’27), and pSTAT3 (Tyr’9%). Tissue lysates were quantified
by BCA (bicinchoninic acid, Pierce) and equal amounts of total protein from each sample
were used for each Bio-Plex signal across all samples. In particular, 4 pg of protein was used
for assays of pAkt, pAtf-2, pJNK, and p-STAT3 (Tyr’%) assays, and 1.5 ug of protein was
used for each of the rest of the assays. These total protein amounts were previously
determined to be within the linear range of each signal in small intestinal tissue samples (9).
To calibrate signal measurements between Bio-Plex runs, five samples were replicated, and
used to generate a linear calibrate curve between runs for each signal.

D-PLSR analysis

All D-PLSR model analysis was conducted in MATLAB (Mathworks) with the partial least
squares algorithm by Cleiton Nunes (available on the Mathworks File Exchange). All Bio-
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Plex signaling data were z-scored, and then used as the independent (X) inputs to the
algorithm. An orthogonal rotation in the LV1-LV2 plane was used to choose a new LV1 that
best separated the CH5126766-treated samples from the DMSO- and PD325901-treated
samples. 95% confidence ellipsoids were computed with the inverse 2 distribution with two
degrees of freedom (34). A Monte Carlo sub-sampling with 1,000 iterations was used to
characterize the standard deviation (SD) of the individual signals involved in LV1 and LV2
of the D-PLSR model constructed from the DMSO, CH5126766-treated, and PD325901-
treated conditions (the total model). For each iteration, 75% (28/38) of the samples used to
construct the total D-PLSR model were randomly sampled, and a new D-PLSR model was
constructed. To correct for sign reversals, each of the two sub-sampled LV1 and LV2 was
multiplied by the sign of the scalar product of the new LV and the corresponding LV from
the total model. The same orthogonal rotation used for the total model was applied to the
LVs from each iteration, and the mean and SD was computed for each signal across all
iterations.

The SOM was generated with the SOM Toolbox 2.0 (35) in MATLAB. The data for each
signal were concatenated across condition and time. Because a complete set of conditions
and time measurements was needed for each signal sample, the number of concatenated
replicates for each signal was the minimum number of samples taken for each condition and
time point. Because the minimum n = 2 across all conditions and time points, N = 2 for the
concatenated samples for each signal. The concatenations were assembled from the first two
samples from each condition and time point. The data for each signal were z-scored across
condition and time, and directly inputted to the SOM algorithm. As recommended (35), the
number of nodes, m, was heuristically selected to be approximately equal to 5 V1, where | is
the number of data points presented to the map for training. The SOM was trained through
the batch method with a Gaussian neighborhood function. A k-means clustering was used to
assign each node to a group. As recommended (36), the maximum number of clusters, k, that
was considered was taken to be vm=5, The Davies-Bouldin index (37) revealed that the
best clustering was achieved when k=5.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. MAPK pathway inhibitorsyield distinct phenotypic and signaling profilesin the mouse
intestinal epithelium

(A to C) Mice were pre-treated (as described in Materials and Methods) with DMSO (as a
vehicle control), the MEK inhibitor PD325901 (PD), the ERK inhibitor SCH772984 (SCH),
or the Raf inhibitor MLN2480 (MLN), as indicated before being treated with TNF-qa for the
indicated times. Intestinal epithelia from the mice were then analyzed by quantitative
Western blotting or Bio-Plex to determine the relative abundance of (A) cleaved caspase-3
(CC3), normalized to that of tubulin, as an indicator of the extent of apoptosis (see Table 1);
(B) pERK, normalized to that of total ERK; and (C) pMEK, normalized to that of total
MEK. Data in (A) are means = SEM of two to four experiments per time point, whereas in
data in (B) and (C) are means + SEM of three to five experiments point.
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Fig. 2. Mechanistically distinct MEK inhibitors have differential effects on apoptosis and
signaling responses

(A to C) Mice were pretreated with DMSO, the MEK inhibitor PD325901 (PD), or the MEK
inhibitor CH5126766 (CH), as indicated, before being treated with TNF-a for the indicated
times. Intestinal epithelia from the mice were then analyzed by quantitative Western blotting
or Bio-Plex to determine the relative abundance of (A) cleaved caspase-3 (CC3), normalized
to that of tubulin; (B) pERK, normalized to that of total ERK; and (C) pMEK, normalized to
that of total MEK. Data are means + SEM of two to four experiments per time point.
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Fig. 3. Measurement of multiple signaling nodes gover ning cell fate demonstrates signaling
differencesthat areintrinsic and extrinsic to the MAPK pathway in response to PD0325901 and
CH5126766

(A) Hlustration of the signaling network governing cell fate and the phosphoprotein nodes
measured by Bio-Plex (highlighted in orange). (B) Mice were pretreated with DMSO, the
MEK inhibitor PD325901 (PD), or the MEK inhibitor CH5126766 (CH), as indicated,
before being treated with TNF-a for the indicated times. Intestinal epithelia from the mice
were then analyzed by Bio-Plex to determine the relative abundances of the indicated
phosphoproteins. Data in all panels are means + SEM of two to four experiments per time
point.
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Fig. 4. Computational modelsidentify signaling outside of the MAPK pathway that distinguishes

the apoptotic responseto MEK inhibitors

(A) Left: D-PLSR analysis bygrouping all time points and replicates from each condition
revealed an axis (LV1) thatdistinguishes the CH5126766-treated condition from the DMSO-
and PD325901-treatedconditions. Right: LV1 is composed of signals (phosphoproteins) that
were increased or decreased in abundance in the CH5126766-treated conditions relative to
those in the DMSO- and PD325901-treated conditions. (B) An SOM was used to identify
signaling pathways that clustered across temporal and conditional space. The SOM
produced a nodal distance matrix that yielded at least three clear valleys: upper left, upper
right, and lower left. (C) A k-means clustering of the distance matrix. Each signaling group
corresponds to a distinct temporal activation profile for each condition. Group 3, which
corresponds to Akt and Atf-2 signaling, is highly up-regulated in CH relative to both the
DMSO and PD conditions. Signals projected into different groups from replicates (1) and

(2) (fig. S3B) are indicated.
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Fig. 5. Global network shifts govern the apoptotic response to the combinatorial application of
MEK and Akt inhibitors

(A and B) Mice were pretreated with the MEK inhibitor PD325901 (PD) or the MEK
inhibitor CH5126766 (CH) in the presence or absence of the PI3K inhibitor NVP-BEZ235
(BEZ), as indicated, before being treated with TNF-a for the indicated times. Intestinal
epithelia from the mice were then analyzed by quantitative Western blotting or Bio-Plex to
determine (A) the relative abundance of cleaved caspase-3 (CC3), normalized to that of
tubulin, as an indicator of apoptosis, and (B) the relative abundances of the indicated
phosphoproteins. Data in (A) are means = SEM of three experiments per time point, whereas
data in (B) are means + SEM of three or four experiments per time point. (C) The
computational D-PLSR model derived from the DMSO, CH5126766-treated, and
PD325901-treated conditions (from Fig. 3B). X's and ellipses represent centroids and 95%
confidence intervals (Cls) (34) for the CH and CH+BEZ treatment groups, respectively. (D)
Mice were pretreated with the MEK inhibitor CH5126766 (CH) in the presence or absence
of the PI3K inhibitor NVP-BEZ235 (BEZ) or the Akt inhibitor MK2206 (MK), as indicated,
before being treated with TNF-a for the indicated times. Intestinal epithelia from the mice
were then analyzed by quantitative Western blotting or Bio-Plex to determine the relative
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abundance of cleaved caspase-3 (CC3), normalized to that of tubulin. Data are means +
SEM of two to five experiments per time point.
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MAPK pathway inhibitors produce differential apoptotic responses in the mouse intestinal epithelium.

Table 1

Treatment p-Erk p-Mek Relative apoptotic phenotype CC3/tubulin area under the curve
DMSO high high late, high 2.52
PD0325901  low high early, high 2.27
SCH772984 low low late, low 1.48
MLN2480  high low early, low 1.03
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